ABSTRACT: Heparosan is an acidic polysaccharide natural product, which serves as the critical precursor in heparin biosynthesis and in the chemoenzymatic synthesis of bioengineered heparin. Heparosan is also the capsular polysaccharide of Escherichia coli K5 strain. The current study was focused on the examination of the fermentation of E. coli K5 with the goal of producing heparosan in high yield and volumetric productivity. The structure and molecular weight properties of this bacterial heparosan were determined using polyacrylamide gel electrophoresis (PAGE) and Fourier transform mass spectrometry. Fermentation of E. coli K5 in a defined medium using exponential fed-batch glucose addition with oxygen enrichment afforded heparosan at 15 g/L having a number average molecular weight of 58,000 Da and a weight average molecular weight of 84,000 Da.
Introduction
Heparosan is biosynthesized as a polysaccharide capsule in bacteria including Escherichia coli K5 and Pasteurella multicida (DeAngelis and White, 2002; Lindahl et al., 1998; Vann et al., 1981a) . The heparosan polysaccharide is comprised of a [!4) b-D-glucuronic acid (GlcA) (1 ! 4) N-acetyl-a-D-glucosamine (GlcNAc) (1!)] n repeating disaccharide unit (Fig. 1A) . In eukaryotes, heparosan is a precursor in the biosynthesis of heparin and heparan sulfate, biologically important molecules that are involved in blood anticoagulation, viral and bacterial infection and entry, angiogenesis, inflammation, cancer and development (Linhardt, 2003; Linhardt and Toida, 2004) .
Heparin is a uniquely important polysaccharide as it is one of the oldest drugs in use today in widespread clinical prevention of blood coagulation (Linhardt, 2003) . Isolated by extraction from porcine intestines heparin's use was associated in 2008 with a life-threatening rapid onset, acute side effect (Kishimoto et al., 2008) . These adverse events were caused by an oversulfated chondroitin sulfate (OSCS) contaminant found in certain lots of heparin (Guerrini et al., 2008 (Guerrini et al., , 2009 . Laboratory-scale studies have shown that heparosan with a weight average molecular weight (M w ) > 10,000, obtained from E. coli K5 strain (Vann et al., 1981a) , can be enzymatically converted to an anticoagulant polysaccharide similar to heparin (Lindahl et al., 2005; Zhang et al., 2008) . The preparation of a bioengineered heparin from a microbially produced heparosan offers a potentially safer alternative for animalsourced heparin (Lindahl et al., 2005; Laremore et al., 2009; Zhang et al., 2008) and is the primary focus of this work.
The K5 heparosan polysaccharide, comprising the E. coli capsule layer acts as molecular camouflage (Manzoni et al., 1993; Vann et al., 1981b) , because of its structural similarity to heparosan, the biosynthetic precursor of heparin and heparan sulfate. Thus, K5 heparosan shows low immunogenicity in humans (Vann et al., 1981b) , and this has led to pathogenicity, including urinary infections (Vann et al., 1981b) . The initiation of K5 heparosan synthesis reportedly involves 2-keto-3-deoxyoctulosonic acid (Finke et al., 1991) . K5 heparosan is then elongated through the alternate action of the glycotransferases KfiA and KfiC that add GlcNAc and GlcA to the non-reducing end of the growing polysaccharide chain . Once synthesized, the heparosan chain is transported onto the cell surface through a pathway consisting of six proteins: KpsC, KpsD, KpsE, KpsM, KpsS, and KpsT (Arrecubieta et al., 2001; McNulty et al., 2006; Silver et al., 2001; Whitfield and Roberts, 1999) . The K5 heparosan chain is believed to be anchored on the cell surface through lipid substitution at the reducing end of the polysaccharide to a phosphatidic acid molecule in the outer membrane of E. coli (Alexander and Schmidt, 1982; Jann and Jann, 1990) . Portions of the heparosan polysaccharide can be shed from E. coli K5 through the action of K5 heparosan lyase, an enzyme originating from a bacterial phage that cleaves the heparosan chain through a b-elimination mechanism (Hanfling et al., 1996; Manzoni et al., 1996 Manzoni et al., , 2000 . The gene encoding K5 lyase is integrated into the E. coli K5 DNA (Manzoni et al., 1996) and its expression may be inducible (Legoux et al., 1996; Manzoni et al., 1996 Manzoni et al., , 2000 . The activity of K5 lyase can affect the amount of heparosan released into the culture medium as well as the structure and molecular weight properties of both the cell associated and released heparosan (Fig. 1B) . K5 heparosan has been estimated to have a M w 20,000 (Vann et al., 1981a) , and comprised of two major subcomponents with M w 16,000 and 1,500. The ratio of the two subcomponents corresponds to the overall M w and is influenced by the activity of the K5 lyase (Manzoni et al., 1996 (Manzoni et al., , 2000 .
Heparosan obtained from E. coli K5 offers a promising precursor for preparation of a bioengineered heparin as its backbone structure might be carefully modified using chemoenzymatic steps to generate a product identical to animal-derived heparin (Zhang et al., 2008) . The control of heparosan molecular weight properties is, therefore, critical because the biological properties of heparin depend strongly on the polysaccharide chain size, which will depend critically on the chain size of the heparosan precursor.
In the current study, we produce heparosan through fermentation of E. coli K5 on different media and characterize its chemical structure and molecular weight properties. The yield of heparosan was enhanced by growth on defined media using an exponential feeding strategy, thereby offering the first step toward a scalable process that might 1 day lead to the industrial production of heparosan as a bioengineered heparin precursor.
Materials and Methods

Materials
A 7-L glass autoclavable bioreactor from Applikon (Schiedam, Netherlands) was used as the fermentor. BioXpert V1.5 software was used to control fermentor operation and collect data. Difco TM LB broth powder was purchased from BD (Franklin Lakes, NJ). Most of the chemicals used for preparing the synthetic media were from Sigma-Aldrich (St. Louis, MO). Antifoam 204 was from Sigma-Aldrich. Baffled shake flasks are from Corning (Corning, NY). DEAE Sepharose Fast Flow from GE Healthcare (Piscataway, NJ) was used for the purification of heparosan. Vivapure D Mini H spin columns were from Sartorius Stedim Biotech (Aubagne, France). Micro BCA Protein Assay Kit was from Thermo Scientific (Rockford, IL). The enzymes used to digest the heparosan for disaccharide analysis were expressed and purified in our lab (Han et al., 2009 ). HPLC-MS was performed on an Agilent 1100 instrument (Santa Clara, CA). TLC silica gel plates were from EMD (Gibbstown, NJ). The materials for preparing the heparosan MW ladder and determining heparosan M w were described in detail in another paper (Ly et al., 2010) . Select_HA TM LoLadder, a set of hyaluronan (HA) molecular markers, were obtained from Hyalose (Oklahoma city, OK).
E. coli K5 Growth in 2.8 L Shake Flasks E. coli K5 from American Type Culture Collection (ATCC #23506) was stored frozen in 1 mL of M9, LB, glycerol, and glucose media, with 25% glycerol. A 250 mL shake flask containing 25 mL of the same media was inoculated with 0.5 mL of defrosted E. coli. The culture was harvested in late exponential growth at approximately 1.1 g dry cell weight (DCW)/L for M9 medium culture, 5.4 g DCW/L for glycerol synthetic medium, 5.6 g DCW/L for glucose synthetic medium, and 1.9 g DCW/L for LB medium. E. coli K5 culture (300 mL) was next grown in 2.8 L shake flasks inoculated with 5 vol% cells in late exponential growth. The culture was shaken at 220 rpm and 378C until 1-4 h after growth reached stationary phase and then harvested for recovery of heparosan. The media used in 2.8 L shake flask fermentation included: 1. (Wang and Lee, 1998) . The pH was kept at a value of $7.0 throughout the fermentation.
The batch growth stage began with the inoculation of seed culture (300 mL of 5.6 g/L DCW) obtained from a shake flask in late exponential growth. The temperature was maintained at $378C, and the pH was maintained at approximately 7 (by adding 29% ammonia solution). Air was sparged into the fermentor to supply oxygen, and the stirrer speed was set to 520 rpm.
The second stage of the fermentation began after glucose in the batch growth medium had been depleted and the dissolved oxygen showed a sharp increase. The feeding solution was then fed exponentially following Eq. (1):
Ms is mass flow rate of the carbon source (g/h); F the feed flow rate (L/h); S F thecarbon substrate concentration in the feed (g/L); X the cell concentration (g/L dcw); m the specific maintenance coefficient (g/g dcw/h); V the culture volume (L); t 0 the time of feeding start; t the process time; m the specific growth rate (h À1 ); and Y x/s is cell yield on carbon substrate (g/g) (Lee, 1996) . A m-value between 0.10 and 0.15/h was used in this study to allow sufficient cell propagation while avoiding accumulation of toxic side products due to higher growth rates. The ''acid pump'' attached to the fermentor was used to carry out the glucose feeding function instead of adding real acid, and the base pump was used to add 29% ammonia solution to maintain stable pH and provide the culture with a nitrogen source. A third pump was used to add the Antifoam 204 reagent into the culture when foaming exceeded a set level controlled by the feedback loop through the digital control unit of the fermentor. Glucose-feeding rate was achieved by programming the ''acid pump'' on-off time for 1 min. An equation of T on ¼ 0.72 exp[0.0023(tÀ420)] was used between 7 and 24 h of elapsed fermentation time, where T on is the time the ''acid pump'' was turned on for 1 s during the 1 min period. The glucose-feeding rate was decreased after 24 h once oxygen limitation was observed. pH control was achieved manually using a base pump to add 29% ammonium hydroxide solution. The pH was more closely controlled using a customized program written into the BioXpert V1.5 software in a second fermentation (see Supplemental Materials). The stirrer speed and/or airflow rate were increased when dissolved oxygen dropped below 20% air saturation. Pure oxygen was mixed with air to afford sufficient dissolved oxygen after 24 h of fermentation time. Glucose feeding was periodically halted to assure that the cells consumed all the glucose, and that toxic byproducts (such as acetate) did not build up in the medium. Feeding was resumed after a spike of dissolved oxygen was observed, indicating the depletion of glucose and the formation of toxic byproducts (Johnston et al., 2002 (Johnston et al., , 2003 Korz et al., 1995; Lee, 1996) . Samples were collected from the fermentor periodically. The samples taken were centrifuged at 12,000g for 30 min. to separate the supernatant from the E. coli cells.
Determination of Heparosan Concentration in the Fermentation Supernatant
The heparosan concentration in the fermentation supernatant was measured by both carbazole analysis (Bitter and Muir, 1962) and NMR analysis . In the carbazole assay of heparosan, 0.5 mL of fermentation supernatant recovered by centrifugation was applied to a Millipore YM-3 desalting spin column (1,200g) to remove salts and small molecules. The retentate containing crude heparosan was recovered and lyophilized. The dried crude heparosan was reconstituted with 0.5 mL of distilled water and subjected to the carbazole assay (Bitter and Muir, 1962) . The concentration of heparosan was calculated from a standard curve prepared using pure heparosan. In the NMR assay, heparosan (1 mL), similarly recovered from culture supernatant, was lyophilized and then dissolved in 400 mL of D 2 O containing 71 mg of sodium terephthalate (internal standard) then transferred to an NMR tube for 1 H-NMR at 600 MHZ. The concentration of heparosan was calculated from the ratio of the integrated area of the N-acetyl group in heparosan and that of the internal standard .
Rapid Recovery of Heparosan Samples During Fermentation for Analysis
Heparosan was rapidly recovered from fermentation supernatant and partially purified using a Vivapure D Mini H spin column. Supernatant (1 mL), recovered from cells by centrifugation (12,000g), was mixed with 1 mL of buffer A (50 mM sodium chloride, 20 mM sodium acetate, pH 4). The mixture was then adjusted to pH 4 and loaded onto a pre-equilibrated Vivapure D Mini H column. The column was then washed with buffer A and eluted with buffer B (1 M sodium chloride, 20 mM sodium acetate, pH 4). Eluted samples were then precipitated with 3 volumes of ethanol left overnight at À208C (in an explosion-proof freezer) and the resulting precipitate washed with 75% ethanol, dissolved in water and lyophilized. The purity of the recovered samples was then examined by 1 H-NMR.
Purification of Heparosan
Heparosan was recovered at the completion of fermentation in either a shake flask or the 7-L fermentor by centrifuging the culture at 12,000g for 30 min. The supernatant obtained was adjusted to pH 4 by adding glacial acetic acid and then filtered through a Pyrex Buchner funnel with a fritted disc (pore size 40-60 mm). DEAE-Sepharose fast flow resin was packed into a column of the appropriate size (<20 mg of heparosan/mL of swelled resin). The column was first equilibrated with 50 mM sodium chloride in 20 mM sodium acetate buffer at pH 4. The fermentation supernatant was then loaded onto the column and the column was washed with three volumes of 50 mM sodium chloride in 20 mM sodium acetate buffer at pH 4. Heparosan was then eluted from the column with 1 M sodium chloride in 20 mM sodium acetate buffer at pH 4. The heparosan that eluted from the column was precipitated by adding three volumes of ethanol and storing this solution overnight at À208C in an explosion-proof freezer. The precipitate was recovered by centrifuging at 12,000g for 30 min. The pellet was washed with 75% ethanol, centrifuged again and the pellet obtained was either lyophilized for storage or used directly for the bleaching step. Heparosan could also be purified from the cell pellet by addition of 0.02% SDS followed by vigorous stirring, centrifugation and DEAE chromatography.
In the bleaching step, heparosan was first dissolved in 1 M sodium chloride at a concentration of $15 g/L. The pH of the solution was adjusted to 9.5 with 1 M NaOH and hydrogen peroxide (30%) was added to obtain a final concentration of 1.5%. The mixture was incubated overnight at room temperature, after which the heparosan was precipitated by adding three volumes ethanol and left overnight at À208C (in an explosion-proof freezer). The resulting pellet was washed with 75% ethanol, dissolved in water and dried.
Disaccharide Analysis of Heparosan
Heparosan (10 mg/mL) was dissolved in 200 mM sodium phosphate buffer at pH 7 and treated with 1 mU each of heparin lyase 1, 2, and 3 at 308C overnight. The resulting disaccharide product was subjected to high performance liquid chromatography (HPLC)-electrospray ionization (ESI)-mass spectrometry (MS) on an Agilent Ion trap instrument and the disaccharide composition was determined. LC-MS analysis was performed on an LC-MS system (LC/MSD trap MS; Agilent). Solutions A and B for highpressure liquid chromatography were 15% and 65% acetonitrile, respectively, containing the same concentration of 37.5 mM NH 4 HCO 3 and 11.25 mM tributylamine. The separation was performed on a C-18 column (Agilent) using solution A for 20 min, followed by a linear gradient from 20 to 45 min of 0-50% solution B. The column effluent entered the source of the ESI-MS, for continuous detection by MS. The electrospray interface was set in negative ionization mode with skimmer potential of 400 V, capillary exit of 240.0 V, and a source of temperature of 3258C, to obtain maximum abundance of the ions in a full-scan spectrum (150-1,500 Da, 10 full scans/sec). Nitrogen was used as a drying (5 L/min) and nebulizing gas (20 psi; Bhattacharyya et al., 2010) .
NMR Analysis of Heparosan
1
H-NMR and 13 C-NMR were conducted on a Bruker 600 MHz NMR spectrometer. The heparosan samples were prepared at a concentration of 2 mg/mL in D 2 O (99.99þ atom %), freeze-dried to remove exchangeable protons and re-dissolved in D 2 O and transferred to standard 5 mm NMR tubes. Acquisition of spectra was carried out using TOPSPIN 2.0 software. All the spectra were acquired at the temperature of 298 K.
DNA and Protein Content Assay
The DNA content in the final heparosan product was determined by measuring the UV absorbance of 0.1 mg/mL heparosan solution at 260 and 320 nm. The DNA concentration was calculated as concentration (mg/mL) ¼ (A 260 readingÀA 320 reading) Â dilution factor Â 50 mg/mL. Protein content was assayed using the Micro BCA Protein Assay Kit following manufacturer's instructions.
Analysis of the Molecular Weight of Heparosan
A ladder of heparosan standards of known molecular masses was prepared from bleached K5 heparosan polysaccharide by continuous preparative polyacrylamide electrophoresis using a Mini Prep Cell (Biorad, Hercules, CA) apparatus (Ly et al., 2010) . Heparosan fractions were characterized by Fourier transform-mass spectrometry (FT-MS) and remixed to prepare a ladder of molecular weight standards for the determination of the molecular weight properties of heparosan (Ly et al., 2010) . Molecular markers of hyaluronan, which is also linear polysaccharide with the same charge density as N-acetylheparosan, were used as standards for the upper range of samples.
Both HA and heparosan molecular markers were used as a set of standards for the molecular weight analysis of the heparosans prepared in different culture media and at different fermentation time points. A gradient polyacrylamide gel (4-15%) of dimensions 0.75 mm Â 6.8 cm Â 8.6 cm was used in heparosan molecular weight analyses. Heparosan samples (25 mg) were loaded onto gels and were then subjected to electrophoresis (200 V for 20 min) and stained with Alcian blue for 1 h, and then destained with 25% ethanol/10% acetic acid (Ly et al., 2010) . The gels were scanned and these digital images were analyzed using the computer software UN-SCANIT. A plot of image density as a function of migration distance was acquired. From these data, the molecular weight properties of the heparosan samples were characterized from the standard curve obtained.
Results
E. coli K5 Fermentation in Shake Flasks for the Preparation of Heparosan
E. coli K5 was grown in shake flasks until 1-4 h after stationary phase was reached. The fermentation was extended beyond stationary phase to accumulate the maximum amount of heparosan in the medium, consistent with reports that heparosan appearance in the medium lags cell growth (Manzoni et al., 1993) . The yield of heparosan from the flask cultures ranged from 70-500 mg/L. The purity of the heparosan recovered from flask cultures was in all cases >85% as estimated by NMR Zhang et al., 2008) . The heparosan recovered from synthetic media, including M9 medium, glucose medium, and glycerol medium, showed higher purity levels (>95%) than heparosan recovered from LB medium, which showed additional peaks in the NMR, consistent with $85% purity (Fig. 2) . Further analysis of the LB medium derived heparosan by polyacrylamide gel electrophoresis PAGE showed a low M W band, corresponding to a medium component that co-purifies with heparosan. This impurity could be removed using a 3K molecular weight cut-off (MWCO) spin column ( Fig. 2A) .
The disaccharide composition of heparosan was determined by HPLC-MS (not shown) following the complete digestion with heparin lyase 1, 2, and 3, and showed the presence of a single disaccharide m/z 378.2. This disaccharide corresponds to DUA(1 ! 4)-a-D-GlcNAc, is consistent with the uniform repeating structure of heparosan (Vann et al., 1981a) . To confirm this structure 13 C 0 -and 15 N 0 -labeled heparosan was prepared by culturing the E. coli K5 in M9 medium containing uniformly labeled 
E coli K5 Fermentation in a 7 L Fermentor
Since the production of E. coli polysaccharide capsule is likely to be growth associated, a strategy was devised to maximize the cell density to increase the yield of heparosan. Oxygen and glucose are the two nutrients likely to limit biomass production in an aerobic fermentation on glucose (Lee, 1996; Shiloach and Fass, 2005) . The presence of excess glucose, however, can decrease cell density through the formation of toxic products, such as acetate (Lee, 1996; Shiloach and Fass, 2005) . Thus, the strategy used was to feed glucose at a rate supporting exponential growth once the glucose present in the initial stage of the fermentation had been depleted.
The feeding rate was exponentially increased to keep up with the exponential growth of E. coli. Several pauses were made in the feeding stage to ensure that there was no buildup of glucose in the medium, which could result in acetate accumulation and inhibit E. coli growth. The feeding was resumed only after an increase in dissolved oxygen was observed confirming the depletion of glucose (Fig. 3) . In the late stages of the fermentation (after 22 h), dissolved oxygen became limiting. Increased agitation and the introduction of pure oxygen were used to maximize the dissolved oxygen concentration in the culture. Despite these efforts the dissolved oxygen levels still remained quite low after 31 h. The glucose-feeding rate was decreased when oxygen became the limiting nutrient. Throughout the fermentation, the pH was maintained between 6 and 8 by adding NH 4 OH. After 37.5 h fermentation, a cell density of 85 g DCW/L was reached, and the heparosan concentration in the fermentation supernatant was determined to be 15 g/L. An overall growth rate was calculated to be 0.12/h, the overall production rate was 1.2 g/h, and the volumetric production rate was 0.4 g/L h. The heparosan purified from the fermentation was of high purity, judging from the 1 H-NMR spectrum (Fig. 4A) . Additionally, DNA and BCA protein assays indicated that <1% DNA and <2% protein were present in the final heparosan material. (Fig. 1A) . FT-MS of a heparosan fraction having a degree of polymerization (dp) of 24, obtained using preparative electrophoresis is shown in Figure 4C . This spectrum also indicates the presence of unsaturated uronate DUA residue (Fig. 1B) at the nonreducing end of some of the polysaccharide chains. The presence of a terminal DUA residue is consistent with the action of an K5 heparosan lyase also present in the E. coli strain K5 (Hanfling et al., 1996; Manzoni et al., 2000) . FT-MS analysis suggests heparosan recovered from fermentation supernatant contains a mixture of heparosan terminated with DUA residues and with GlcA residues. This result is consistent with some of the heparosan in the medium being shed from the cell surface by shear force and some being released into the medium by the heparosan lyase digestion. Heparosan isolated from the supernatant was treated with b-glucuronidase, an exolytic enzyme capable of removing GlcA but not DUA from the non-reducing end of a heparosan chain. The observation of released GlcA using thin layer chromatography (data not shown) confirms that some of the heparosan chains that were shed into the supernatant were terminated with GlcA. The 13 C-NMR spectrum of the isotope-labeled heparosan from M9 medium (Fig. 4B) showed no signal clearly assignable to the DUA residue consistent with previous reports (Manzoni et al., 1996) . This may result from low levels of K5 lyase on M9 medium or the short culture times used for growth in shake flasks compared to the longer growth times in fermentor, where the action of the K5 heparosan lyase was clearly observed. We performed an additional experiment in the fermentor (see Supplemental Materials) where we used gel-based and ultraviolet assays capable of sensitively detecting coliphage lyase (Ly et al., 2010) . In this study, we were unable to detect lyase activity in the fermentation supernatant; however, we did find a small level of lyase activity in the cell lysate that was constant throughout the fermentation. These data are consistent with the suggestion that coliphage lyase is present in the cytoplasm or periplasm (Hudson et al., 2009; Linhardt et al., 1986) .
Structural Characterization of Heparosan
MW Characterization of Heparosan
The heparosans recovered from E. coli K5 grown in shake flasks were analyzed by PAGE against a ladder of purified heparosan standards (Fig. 5 and Table I ). Heparosan, recovered from supernatant in flask cultures grown on M9 medium, glycerol synthetic medium, LB complex medium showed little difference in M n or M w . Heparosan recovered from the supernatant in glucose synthetic medium had the lowest M n and M w . Heparosan recovered from the pellet showed higher M w than heparosan recovered from the fermentation supernatant (data not shown).
Next, samples from the fermentor were taken at various times throughout the fermentation and heparosan was purified by Vivapure D Mini H spin column. The purity of the resulting samples was confirmed to be >85% from the fermentation supernatants by 1 H-NMR. PAGE analysis (Fig. 5C) showed an initial increase in heparosan molecular weight followed by no further changes in molecular weight as fermentation time increases (Fig. 6 ). Heparosan polydispersity index (PDI ¼ M w /M n ) changed little throughout the fermentation.
Discussion
In this study, a high heparosan yield in the fermentation supernatant (15 g/L) was achieved in a fed-batch fermentor culture grown on defined medium containing glucose. This compares favorably to yields recently reported of 10.2 g/L heparosan from the same organism grown on a defined media containing glycerol (Viskov et al., 2008) . Volumetric production rate was also increased compared to this 13 C-NMR of heparosan prepared on M9 medium containing 13 C-glucose and 15 N-ammonia sulfate. C: FT-MS of a heparosan chain of average molecular weight 4551.81 (degree of polymerization ¼ 24) purified by preparative PAGE (Ly et al., 2010) . previous report. Furthermore, glucose, as a less expensive carbon source than glycerol, makes this fermentation process more economical (Viskov et al., 2008) . Capsule synthesis, while lagging behind cell growth, is nonetheless growth-associated at 378C (Cieslewicz and Vimr, 1996; Rowe et al., 2000) . Therefore, our primary goal was to maximize the volumetric productivity of the E. coli K5 fermentation via control of the carbon source and its concentration, and the dissolved oxygen concentration, which becomes the limiting nutrient at high cell densities. Exponential feeding of glucose was used to support cell growth, while keeping toxic byproducts low. This was achieved by controlling the feeding rate and checking the substrate level with feeding pauses. Oxygen became the limiting nutrient for cell growth in the late stages of the fermentation. Oxygen was used to supplement air sparging to increase cell density. However, the use of pure oxygen in large-scale heparosan might be problematic from a process economics point of view. The fed-batch fermentation process developed at the 3-L scale might serve as the prototype for larger lab-scale fermentation, ultimately leading to industrial heparosan production. Process scaleup studies are currently underway in our lab moving from 3-750 L working volumes, which will provide the basis for scale-up to the $1,00,000 L working volumes required for large-scale (100 metric ton) heparosan production to supply as the starting material for bioengineered heparin synthesis. The possibility of using a faster glucose-feeding rate in the fermentation and higher oxygen levels in the fermentor is being investigated to increase the production rate the heparosan.
The use of defined media containing glucose as the carbon source has both lowered the fermentation cost and reduced media complexity, making the purification process easier. Heparosan purified from complex LB medium was less pure due to complex media components and required additional purification steps than did heparosan purified from glucosecontaining defined media.
Heparosan, isolated from the culture supernatant arises from shedding into the medium during the fermentation probably through the combined actions of the K5 lyase and shear force. An increase of heparosan shedding into the media increases the yield of heparosan in the supernatant, lowering the cost of the down-steam purification process. Several ways to enhance capsule shedding including genetic manipulation are under investigation in our lab.
The presence of the K5 heparosan lyase complicates our effort to prepare a heparosan with ideal structural and molecular weight properties (M n , M w , and PDI) as the starting material for bioengineered heparin. First, the b-eliminative cleavage of the heparosan chain, catalyzed by the lyase results in an unnatural saccharide residue, DUA, at the non-reducing end of the chain. Because DUA is not present in the animal-sourced heparin chain, additional chemical, enzymatic, or metabolic engineering steps will be A: Molecular standards spanning the range of the gradient gel. Lanes contain: 1. HA molecular markers (30-310 kDa), 2. heparosan molecular markers (6.4-14.1 kDa). B: Heparosans prepared in shake flasks in different media. Lanes contain: 1. heparosan from M9 medium, 2. heparosan from glycerol synthetic medium, 3. heparosan from glucose synthetic medium, and 4. heparosan from LB medium. C: heparosans prepared in a 7 L fermentor sampled at different times. Lanes contain: 1-6. heparosan sampled from the fermentor at 4. 5, 12.6, 14.5, 20, 32.9 , and 37.6 h after the start of the fermentation. required to remove this unnatural sugar residue so that the bioengineered heparin will closely resemble the natural animal sourced heparin. This close structural resemblance is necessary as it will allow bioengineered heparin to be treated as a generic heparin and be subject to an abbreviated new drug application (ANDA)-based Food and Drug Administration (FDA)-approval process. Second, the action of lyase during the fermentation time course increases the polydispersity index of heparosan. This, in turn, complicates our effort to control the molecular weight properties of heparosan. This is a critical issue as the molecular weight properties of bioengineered heparin are inexorably linked to those of heparosan. In the presence of the lyase it should still be possible to prepare heparosan with the desired molecular weight properties by carefully controlling the fermentation conditions and the fermentation processing time. Careful process control can be used to balance chain polymerization with K5 lyase action. The presence of K5 lyase contributes to the desirable release of the heparosan capsule into the medium, increasing the heparosan yield. Thus, deletion of the K5 lyase gene, while resulting in a more natural heparosan without a double bond at the non-reducing end of the chain and a narrower polydispersity, might decrease the yield of heparosan fermentation. Furthermore, the cellassociation of K5 lyase might offer an approach to for the fine control heparosan molecular weight, necessary for the production of a bioengineered heparin having ideal molecular weight properties. Future studies will be required to achieve an appropriate balance between ideal heparosan precursor and high heparosan yield for the commercial production of a generic bioengineered heparin.
